The aim of this study was to assess the changes in the left atrial (LA) shape and to identify the determinants of these changes in chronic mitral regurgitation (MR).
Introduction
Chronic volume overload has been proposed as the most powerful determinant of the left atrial (LA) enlargement in chronic mitral regurgitation (MR), 1, 2 which is known as a predictor of poor clinical outcome, such as atrial fibrillation (AF), stroke, congestive heart failure (CHF), and death from chronic MR. 3 In chronic MR with the left ventricular (LV) systolic dysfunction, LA is also affected by the elevated LV filling pressure, due to the LV diastolic dysfunction (LVDD), as a consequence of an increased chamber stiffness or non-compliance of the LV during the ventricular diastole. 4, 5 Abnormal myocyte relaxation has been shown to be associated with the pressure overload. The volume overload, on the other hand, is associated with a normal myocardial relaxation, 6 and these findings suggest that there may be a difference in the LA shape between pressure and volume overload conditions.
Because the LA in chronic MR is influenced by both the pressure and volume overload, 4 -7 it is very interesting to demonstrate the changes in the LA shape with severity of MR. However, there was a lack of data that showed the association between the LA shape and the severity of MR. Further, no study has examined the determinants of these changes, which may be related to the pressure or volume overload in chronic MR.
To examine the hypothesis that LA remodelling in chronic MR is the changes in the LA shape and size, which is determined by the factors associated with the pressure or volume overload, we enrolled patients with chronic MR caused by myxomatous mitral valve disease (MMVD) in the sinus rhythm who underwent transthoracic Doppler echocardiography (TTE). We then used the LA eccentricity index (LAEi) and the LA volume index (LAVi) to assess the changes in the LA geometry with increasing severity of MR and identified the determinants of LA remodelling in chronic MR.
Methods Subjects
Between 2009 and 2011, a total of 160 consecutive patients with chronic MR caused by MMVD and a preserved LV systolic function [LV ejection fraction (LVEF) ≥56%] were screened. The myxomatous mitral valve was defined as valvular thickening to .3 mm, a redundant valve or prolapsed of the valve leaflets and thickening and/or ruptured chordae tendinae on TTE. 8 Among them, 146 patients were found to have valvular prolapse (91.2%), including 140 patients in sinus rhythm and 6 patients in AF, with various diagnoses of heart disease. Of the 140 patients diagnosed with valvular prolapse in sinus rhythm, ischaemic heart disease (IHD), mitral stenosis of any degree, other valvular disease (greater than a mild degree), and congenital heart defects, previous history of cardiac surgery or permanent pacemaker implantation and inadequate echocardiographic windows were excluded. The remaining 125 patients (56 + 16 years, 51% men) constituted the study group. The MR patients were further subdivided into two groups the degree of MR severity: mild on the (Grades I -II, n ¼ 45) and moderate/severe MR (Grades III-IV, n ¼ 80) according to the basis of American Society of Echocardiography criteria. The jet morphology was also classified by the spatial distribution within the LA: eccentric jets were directed toward the lateral or septal LA walls or along the mitral valve leaflets. Central jets originated from the middle of the mitral valve and did not strike atrial walls or mitral valve leaflets. 9 In addition, 45 control patients (54 + 15 years, 55% men) were defined as healthy individuals with no cardiovascular disease and had normal 2D TTE. Written informed consent was obtained prior to the enrollment of the study. The institutional review board of Seoul St. Mary's Hospital, Catholic University of Korea, approved the study protocol.
TTE
TTE was performed using two commercially available instruments (vivid 7, GE; Vingmed Ultrasound, Horton, Norway; Sequoia 512, Acuson, Mountain View, CA, USA) with a 2.5-MHz transducer. Standard M-mode, 2D and Doppler measurements were determined according to the guidelines of the American Society of Echocardiography. The calculations of the LV volume and EF, of apical fourchamber view, were obtained by the quantitative 2D biplane modified Simpson method. The LV wall and chamber dimensions were measured by M-mode in the parasternal long-axis view. From the pulsed wave Doppler, peak early (E) and late (A) diastolic filling velocities, the ratio of E to A (E/A), and E wave deceleration time (DT) were obtained at the tips of mitral valve leaflets in the apical window. Pulmonary venous (PV) velocities were also recorded. The ratio of systolic to diastolic flow (S/D ratio), the PV atrial reversal velocity and duration were measured from the same window. However, we could not assess the PV inflow in some patients (n ¼ 44, 25.8%) because of the difficulty in obtaining good pulmonary traces using TTE. Tissue Doppler imaging was used to estimate the peak longitudinal systolic velocity (S), early diastolic velocity (E ′ ), and late diastolic velocity (A ′ ) in the septal mitral annulus from apical four-chamber view. The E/E ′ ratio was calculated in each patient. The diastolic function is categorized into normal, abnormal relaxation (Grade I), pseudonormal (Grade II) or restrictive (Grade III) physiology (reversible and irreversible) as previously described methods.
Images of the LA were recorded from the parasternal long axis view and apical views for dimensions and volume measurements. 10 LA anteroposterior dimensions (D 1 ) were measured in the parasternal longaxis view from the trailing edge of the posterior aortic wall to the leading edge of the posterior LA wall and the superior/inferior (D 2 ) and mediolateral dimensions (D 3 ) were estimated in the apical fourchamber view at end systole before the mitral valve opening. We
) to assess the changes in the LA shape. 11, 12 The maximum LA volume was calculated using a biplane modified Simpson's method, from apical two-and four-chamber views. This was done without shortening, at the end systole of just before the opening of the mitral valve, excluding the LA appendage and PV confluences and indexed to body surface area (LAVi). 10, 13 Since the quantitative method using the proximal isovelocity surface area was not measurable in patients with eccentric or multiple MR jets, regurgitant fraction (RF), which has a similar prognostic value as effective as the regurgitant orifice area or regurgitant volume (R Vol ), 14 and was consistently measurable in all patients (calculated by pulsed wave Doppler at the mitral valve annulus and LV outflow) was used for the measurement of MR severity.
Statistical analysis
Results were presented as the mean + standard deviation (SD) for continuous variables and as frequency percentages for categorical variables. Group comparison of continuous variables was performed by Student t-test and one-way ANOVA followed by post hoc analysis, as appropriate. The chi-squared test was utilized for categorical data comparison. Correlation between the LA geometry index (LAVi and LAEi) and clinical and echocardiographic variables were estimated and tested by Pearson's correlation coefficient. Multiple linear regression analysis, including all significant parameters identified by univariate analysis (at a significance level of P , 0.10), was used to evaluate the most important determinants of LA remodelling. A P-value , 0.05 was considered statistically significant for all analyses. Statistical analysis was performed using SPSS version 15.0 (SPSS Inc., Chicago, IL, USA). A receiver operating characteristic (ROC) curve was also constructed to determine the sensitivity and specificity of LAEi in the assessment of the LA systolic function (A ′ velocity), which is measured by the pulsedwave tissue Doppler imaging. 15 
Results

Baseline characteristics
The baseline clinical and echocardiographic characteristics of the study population are shown in Tables 1 and 2 . Controls, mild MR and moderate-to-severe MR groups had similar age, gender, body size, and blood pressure. However, the heart rate (HR) was more increased and the proportion of the patients with a functional status of dyspnoea ≥New York Heart Association (NYHA) class III at presentation was higher in the moderate-to-severe MR group than in other two groups. At admission, the moderate-to-severe MR group had taken more medications including beta-blocker, angiotensin-converting enzyme inhibitors or angiotensin-receptor blocker (ACEi or ARB) and diuretics. LV end-systolic and diastolic dimensions, volumes and mass were significantly increased in the moderate-to-severe MR compared with controls or mild MR. However, there was no significant differences in LVEF between the three groups. The RF averaged was greater in the moderateto-severe MR (mean: 67.2 + 14.2%) than that in the mild MR (20.4 + 4.8%, P , 0.001). LVDD of ≥Grade II, and eccentric jet flow were more commonly found in the moderate-to-severe MR group than other two groups. In our study, the PV reversal velocity Left atrial eccentricity in chronic mitral regurgitation and duration did not provide incremental value in the evaluation of diastolic dysfunction.
LA size in chronic MR
There was a graded relation between LAVi and severity of MR (r ¼ 0.642, P , 0.001), which demonstrates that LA becomes more enlarged with increasing severity of MR ( Figure 1A) . A simple correlation analysis showed that RF (r ¼ 0.703, P , 0.001), LV mass index (LVMi; r ¼ 0.677, P , 0.001), E/E ′ ratio (r ¼ 0.342, P , 0.001), LVDD grade (r ¼ 0.595, P , 0.001) and jet eccentricity (r ¼ 0.289, P ¼ 0.001) were positively related to LAVi. In the multivariate stepwise linear regression model explaining 65% of the variance in LAVi, RF (r ¼ 0.399, P , 0.001), LVMi (r ¼ 0.310, P , 0.001) and LVDD grade (r ¼ 0.270, P , 0.001) were independently related to LAVi ( Table 3) .
LA shape in chronic MR
There was a strong negative relation between LAEi and severity of MR, and the relation between LAEi and severity of MR in this study can be expressed as a linear regression equation [LAEi ¼ 20.141 (severity of MR) + 1.516 (r ¼ 20.723, P , 0.001)], suggesting that LA becomes more spherical with increasing severity of MR ( Figure 1B) . On univariate correlation analysis, HR (r ¼ 20.243, 20.192 , P ¼ 0.032) and jet eccentricity (r ¼ 20.181, P ¼ 0.043) were negatively related to LAEi. To find independent determinants of LAEi, we performed multivariate stepwise linear regression analysis and identified RF as an independent determinant (r ¼ 20.578, P , 0.001; Table 4 ). LAEi was also moderately correlated with LAVi (r ¼ 20.481, P , 0.001), when all patients with chronic MR were analysed ( Figure 2 ).
Correlation between LAEi and A ′ velocity
We analysed the association between the LAEi and A ′ velocity in the entire population, and the A ′ velocity showed a weak positive correlation with LAEi (r ¼ 0.238, P ¼ 0.002), which suggests that the LA systolic function is more decreased as the LA becomes more spherical (Figure 3) . 15 The sensitivity and specificity of the LAEi for the detection of the decreased LA systolic function (A ′ velocity ,7 cm/s) by the ROC curve analysis is shown in Figure 4 . On the ROC curve, the LAEi value ≤1.30 predicted the LA systolic dysfunction (A ′ velocity , 7 cm/s) with a 65% sensitivity and 89% specificity (area under the curve was 0.78, P , 0.001). 
Discussion
The principal findings of this study was that the LA becomes more spherical with increasing severity of MR, suggesting a decrease in LAE, and RF was an independent determinant of LAE. This study is the first to demonstrate the changes in the LA geometry in shape with severity of MR and first to investigate the determinants of LA remodelling, defined by the changes in the LA shape as well as the LA size in chronic MR.
The LA remodelling in chronic MR
The LA size in chronic MR In chronic MR, LA enlargement is understood as a compensatory mechanism to volume overload. As such, it results in increased atrial compliance and allowing LA pressure homeostasis. 16, 17 Initially, LV adapts to increased volume overload via dilatation and eccentric hypertrophy. Thus, the LA driving force in late diastole is augmented to enhance the LV diastolic filling, which maintains an adequate LV filling pressure and the total stroke volume. Left atrial eccentricity in chronic mitral regurgitation However, LV filling is impaired with the onset of the LV systolic dysfunction, due to increased myocardial stiffness and reduced restoring forces. 4, 5 In such circumstances, LA is directly exposed to the pressures of the LV, thereby increasing the atrial tension which leads to a dilation in the chamber. 19 Since the impairment of the LV contractility can be masked by adaptive remodelling to abnormal loading conditions in the early stage of chronic MR, 20 this may be a possible explanation for the advanced LVDD in the moderate-to-severe MR group, although, all patients in our study showed a preserved LV systolic function.
In the present study, we regarded RF as a surrogate marker of the volume overload and LV diastolic filling pressure as a major factor of the pressure overload. Similar to results from other studies, 21, 22 patients in this study showed an increase in LAVi with worsening LVDD, as well as increasing RF. In accordance with previous studies, 23, 24 we also found that the LVMi is significantly increased in the moderate-to-severe MR group and the LA size was positively correlated with LVMi, reflecting the increased LA pressure by LVDD. Our findings indicate that the LA size in chronic MR is determined by the factors associated with both the pressure and volume overload. The LA shape in chronic MR To the best of our knowledge, no previously published studies have reported on the changes of the LA shape with severity of MR. A few studies described LA remodelling in the change of morphology, whether elongated or spherical, using LAEi in patients with CHF or MR. However, MR was supposed to be the pure condition of volume overload, and the severity of MR was not classified in detail among study population. Furthermore, the etiology of MR involving chronic organic MR, or functional MR such as dilated cardiomyopathy or IHD, was not homogenous. 11, 12 In the present study, we only included patients with chronic MR due to MMVD, who showed a preserved LV systolic function (LVEF ≥56%). Further, they were subdivided into mild and moderate-to-severe MR groups by a validated quantitative method.
In a previous study of the LA geometry, the heterogeneity of the LA contraction, occurring more in the transverse direction than longitudinally, was presented as a cause of alterations in the LA geometry. For example, in the presence of CHF, the LA seemed to show remodelling particularly in the longitudinal direction, because LA should strongly contract in the transverse direction to maintain adequate LV filling during late diastole. On the other hand, patients with MR showed a more spherical LA geometry because the LA pressure increases during the late systole to early diastole in a passive rather than an active fashion. 12 In this study, we found that RF was the only independent determinant of LAE, which indicates that the LA shape is mainly determined by factors associated with the volume overload rather than the pressure overload in chronic MR. Of course, LA may be influenced by both the pressure and volume overload simultaneously due to the systolic retrograde flow from the LV into the LA during late systole. 25 However, in our study, there was no significant association between LVEF and LAEi in a stepwise multiple regression analysis despite all patients showing a preserved LV systolic function. Therefore, we reasoned that the effect of the volume overload on the LA may be more predominant than the pressure load by LV systolic retrograde flow during late systole.
Association between LA size and LA shape in chronic MR Patients in our study showed a significant negative correlation between LAVi and LAEi, which indicates that there is an inverse Left atrial eccentricity in chronic mitral regurgitation relationship between the changes in the LA size and the LA shape. It has not been identified which of these two changes, the increase in the LA size or spherical change in the LA shape, occurs first in chronic MR. In this study, we found that there was no significant differences in the LAVi between normal controls and mild MR group (23.7 + 4.2 vs. 28.8 + 7.1, P ¼ 0.303), while mild MR group (mean: 1.36 + 0.09) showed significantly more decreased LAEi compared with normal controls (1.52 + 0.14, P , 0.001). This finding may suggest that the spherical change in the LA shape occurs earlier than the increase in the LA size, which means that volume overload may be the major factor determining the LA geometry in the initial stage of chronic MR.
Association between LA shape and LA systolic function in chronic MR
Several studies have demonstrated that LA enlargement is accompanied by chronic inflammatory changes, cellular hypertrophy, and interstitial fibrosis, which all leads to the failure of LA and increases vulnerability to AF. 26, 27 However, a few data are currently available on the relationship between the LA shape and the LA function in chronic MR. In this study, LAEi positively correlated with A ′ velocity, which indicates that the LA systolic function may be more decreased in the spherical LA compared with the elongated LA. 15 This finding suggests that LAE might be closely related to the LA systolic function in chronic MR.
Study limitations
The present study had several limitations. First, this was a retrospective, cross-sectional study and the sample size was small. However, all subjects in our study were subdivided into a control, mild and moderate-to-severe MR groups, according to the severity of MR. In addition, there were no significant differences in the baseline clinical characteristics among study population. Second, being a non-invasive study, we were not able to invasively measure the impact of the pressure or volume overload on the LA shape and size. Third, we could not assess the PV inflow in some patients because of difficulty in obtaining good pulmonary traces using TTE. Finally, newer techniques such as 3D echocardiography or speckle tracking to define the LA volume and function were not used in this study.
Conclusion
LA becomes more spherical with increasing severity of MR, suggesting a decrease in LAE, which may be mainly determined by the volume overload rather than the pressure overload. LAE might be closely related to LA systolic function in chronic MR, and the clinical prognostic value of LAEi may need to be verified through prospective study in a larger group of patients.
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